The oldest and most precise way to determine the curvatures of the spine is two directional X-ray measurement from the sagittal and coronal planes. By using X-ray, patients 
Introduction
Frequent monitoring of the posture of young children with reliable evaluation methods avoiding radiation exposure is still an open problem to be solved. The most regular and precise way to determine spinal curvatures is to make two directional radiographic images of the spine which has harmful effects. Doody et al. [1] showed that the risk of breast cancer in females is increased due to radiographic measurements of scoliotic patients. Therefore the Study Group on Scoliosis Orthopedic and Rehabilitation Treatment (SOSORT) draws attention to the problem and recommends reducing the use of X-ray even in serious diseases [2] . Due to the consensus and to the risk factors, the way towards the further improvement of alternative, non-invasive, radiation-free methods is open. Nowadays many non-invasive spine examination methods are available (SpinalMouse, SpinalTouch, Zebris, Moiré-method, flexicurve, inclinometer, kyphometer, goniometer, arcometer) which can be used for the measurement of the spinal shape [3] .
The non-invasive spine examination methods measure the external shape of the spine (surface of the back). The external curvature of the spine differs from the internal curvature (measured by X-ray), which was analysed and estimated by Mansour et al. [4] for the lumbar spine in the sagittal plane. They performed the analysis by one MRI measurement for each patient. The results obtained from radiographic images differ from the results of the Zebris measurement system, but theoretically the correlation should be high (0.94) between the two methods (R 2 = 0.88) if the examination is performed precisely [4] . Tanure et al. [5] performed statistical analysis on scoliotic curvature using manual and digital X-ray evaluation based on the Cobb method. The results show that both methods can be used simultaneously with high reliability. It was concluded and forecasted that involving functions may be useful in the assessment of spine curvatures.
Earlier studies calculated the curvatures of the spine only from few points [6] [7] [8] [9] [10] [11] . Takács et al. [10] analysed the spinal curvatures of young patients by applying X-ray examinations with the Cobb method used for evaluation (internal curvatures) and the Pointer Mobility system of Zebris with its WinSpine software. The results showed that the correlations between the two methods are 0.80 and 0.94 in case of thoracic kyphosis and lumbar lordosis while it is 0.68 and 0.73 for thoracic and lumbar scoliosis, respectively.
Earlier calculation methods (Cobb method - Fig 1a, WinSpine-based method and traditional method - Fig 1b) used only few measured points for characterizing the shape of the spine, and they also failed to exploit the possibility that the spatial coordinates of several points of the spine are also available from measurements. The shape of the spine can be described by a fitted spline function using the spatial coordinates of nearly 100 measured points. The characterizing angles can be calculated by forming tangential lines over the inflection points of the related curve using linear regression (Fig 1c) . The goal of the present study is to validate the new tangential calculation method by Cobb method based radiographic analysis and by two other calculation methods (WinSpine-based method and traditional method) based on the measured data of the ultrasound-based spine measuring method (Zebris GmbH, Isny, Germany).
Materials and methods

Subjects
22 young patients with scoliotic deformities were subjected to the present study. At least one year prior to this examination, the scoliotic deformation was diagnosed separately by two orthopedists. The demographical data of the examined patients is included in Table 1 according to age, weight and height, but not divided by gender.
The examinations were authorized by the Research Ethics Committee of MÁV Hospital (licence number: FI/5-93/2007). The parents of the subjects received detailed verbal and written information in each case before they signed the consent form. 
Measurements
Two radiographic recordings were taken of every patient, one from the frontal direction in standing position with lowered arms and another one from the sagittal direction, standing with the arms raised in order to exclude the disturbing effect of the arms [12, 13] . The X-ray examination was performed at the Radiology Department of MÁV Hospital in Szolnok (Hungary).
The external shape of the spine was measured by a Zebris ultrasound-based motion analysis system (Zebris Medizintechnik GmbH, Isny, Germany) in the Biomechanical Laboratory of MÁV Hospital in Szolnok. The spatial position of the processus spinosus of the vertebrae was recorded and numerically stored by the WinSpine measurement control software (Zebris Medizintechnik GmbH, Isny, Germany). The process is also known briefly as ultrasound-based spine examination [14] . The details of the measuring process were summarized in [15] . All patients were examined twice: first in standing position with the arms raised, and then standing with lowered arms in order to be able to compare the data with the results of the analog X-ray examinations. Fig. 2a shows one patient during the ultrasound-based examination process and Fig. 2b shows his radiographic record in the sagittal plane.
Methodology of calculation
The characterizing angles of spine curvatures can be determined by the Cobb method (Fig 1a) or the traditional method (Fig 1b) . However, other alternative computer-aided calculation methods have appeared recently, such as the superposition of the angles between the corresponding vertebrae (WinSpine software of Zebris; hereinafter called WinSpine-based method). Our newly developed tangent line method calculates the angles characterizing spine curvatures as the angle of the lines tangential to the inflection points of the spine curve. (Fig  1c) . The aforementioned four methods are described as follows:
Cobb method
The Cobb method is a well-known and the most generally used method for the characterization of internal spinal curvatures (Fig. 1a) . It defines the complementary angles formed between lines parallel to the superior and inferior endplates of the vertebrae including the curvatures related to the thoracic and lumbar spine separately in both the sagittal and coronal planes. The main disadvantage of the method is its dependence on the examiner's judgement, thus human error is involved. This method is only used for radiographic analysis. Both examiners had evaluated the same radiographic images for each patient.
Traditional method (TRAD)
The traditional method can be used to determine the characterizing angles of:
• Thoracic kyphosis by calculating the complementary angle between the lines passing through the 1 st and 2 nd thoracic vertebra's, and the 11 th and 12 th thoracic vertebra's processus spinousus in the sagittal plane (Fig. 1b) .
• Lumbar lordosis by calculating the complementary angle between the lines passing through the 1 st and 2 nd lumbar vertebra's, and the 4 th and 5 th lumbar vertebra's processus spinousus in the sagittal plane.
• Scoliotic deformity by having the greater calculated complementary angle from thoracic scoliosis and lumbar scoliosis as in the case for sagittal plane. It is also applicable in case of radiographic analysis and in case of radiation-free measurement system based analysis where the external shape of the spine is captured.
WinSpine-based method (WS)
The WinSpine commercial software estimates the location of each vertebra from the measured data -from the external shape of the spine measured on the surface of the back -by means of anatomical considerations. The angles between each vertebra are calculated and the angles characterizing spinal curvatures can be determined by applying the concept of superposition [16] .
Tangent line method (TLM)
The shape of the spine can be described by a fitted natural cubic spline function using the spatial coordinates of nearly 100 measured points. The characterizing angles of spine curves can be calculated by forming tangential lines over the inflection points of the fitted curve using linear regression even in the sagittal and in the coronal planes (Fig. 1c) . With the lack of inflection points at the top and bottom parts of the curves, the tangent lines having the absolute maximum slope are determined. To determine the tangents, a maximization problem needs to be solved, where the minimal and maximal slopes from the solutions of an overdetermined system of equations should be determined, then the complementary angles between these regression lines can be calculated. Since the method does not depend on the location of vertebrae but the shape of the spine, thus it can be used for processing data measured with Zebris, SpinalTouch, SpinalMouse and even with radiographic image processing.
Evaluation methodologies by statistical analysis
The angle values characterizing the spinal curvatures related to thoracic kyphosis (TK), lumbar lordosis (LL) and scoliosis (SC) are determined for each patient using all the above mentioned methods. Parameter distribution is assumed to be normal (checked by Kolmogorov-Smirnov and Chisquare goodness-of-fit tests) and the homoscedasticity is checked. The average, standard deviation, minimum and maximum values of all angles are calculated.
The comparison of the radiographic results provided by the two examiners is analyzed by a two-tailed one-sample paired T-test (test value = 0).
For the comparison of the different calculation methods, the radiography-based Cobb angles are used as reference values and the results of the other methods are compared to the Cobb angles. The average, SD, and the maximum and minimum values of differences are calculated. All the characterizing angles of each patient obtained from the three calculation methods (TRAD, WS, TLM) are evaluated by calculating a two-tailed Pearson product-moment correlation coefficient (r), and by calculating the slope of the regression line (m) [17] .
Statistical analysis is performed using the SAS System for Windows (Rel. 7, SAS Institute Inc, Cary, NC, USA). Statistical significance is defined as P < 0.05 for all comparisons using Microsoft Excel with hand calculation control.
Results
The angles characterizing spinal curvatures, coming from the different methods, are presented and compared in this section. The results in the sagittal and the coronal planes are analyzed separately. In the sagittal plane, the two angles characterizing the thoracic (TK) and the lumbar curvatures (LL) are investigated by comparing the results of the Cobb method (Examiner 1 and Examiner 2), the WinSpine-based, the tangent line and the traditional methods, respectively. In the frontal plane, the scoliosis angle (SC) is investigated by all four methods.
The overall statistical evaluation of the results provided by the different calculation methods in both planes is presented in Table 2 , which contains the average (Ave), standard deviation (SD), minimum (Min) and maximum (Max) figures as yielded by each calculation method. The values in Table 2 
Visualization of results
The results displayed using TLM are shown in case of one patient in standing position. In Fig. 3 the outputs of TLM can be seen with reference to the sagittal and the frontal planes, respectively. In Fig. 3 the red circles represent the location of the processus spinosus of vertebrae (estimated by WinSpine); the blue continuous line represents the fitted spline curve through the measured data; while the red dashed lines demonstrate the tangent lines going through the global inflection points. Using the tangent line method, the results are obtained to 56.8, 57.9 and 29.2 degrees regarding external thoracic kyphosis, lumbar lordosis and scoliosis, respectively. The corresponding Cobb angles for the same patient are obtained to 42, 42 and 20 degrees, respectively.
Evaluation of radiographic analysis
Analog radiographic analysis has been performed independently by two orthopedics specialists, which provides an opportunity for analyzing the subjectivity effect of individuals. The comparison of the results provided by the two examiners is shown in Fig. 4 where the red continuous line represents the equivalence between the diagnosed angles. The statistics of the comparison are given in Table 3 where the columns summarize the statistics related to thoracic kyphosis (TK), lumbar lordosis (LL) and scoliosis (SC).
It can be observed from the comparison that the most unreliable results were diagnosed in case of thoracic kyphosis, where even 7 degrees of difference could be provided on average due to the subjective judgment of the examiners (r = 0.75). However, 
Evaluation of alternative methods
This section discusses the comparison and evaluation of the different methods. As shown in the previous section, there are significant differences between the results of Examiner 1 and 2, therefore the results of Examiner 1 (Ex1) is handled as reference in this section. Table 4 summarizes the comparison of the results of the internal shape based Cobb method (Examiner 1) from X-ray records and of other external shape based methods related to the sagittal plane. In Fig. 5 the blue, red and green dots represent the angles related to WS, TLM and TRAD, respectively, with reference to thoracic kyphosis. The red continuous line demonstrates equality between them. The correlations between the results are obtained to 0.77, 0.72 and 0.76, the differences are obtained to 7.15 ± 6.66, 9.24 ± 6.56 and 8.51 ± 6.69 degrees (Table 4 columns #2 to #4).
Evaluation of results in sagittal plane
In Fig. 6 the blue, red and green dots represent the angles related to WS, TLM and TRAD, respectively, with reference to lumbar lordosis. The correlations between the results are obtained to 0.82, 0.85 and 0.77, respectively and the differences are obtained to 4.28 ± 3.82, 10.35 ± 7.16 and 17.18 ± 4.75 (Table 4 columns #2 to #4). It can be observed that TLM shows the smallest correlation with radiographic analysis in case of thoracic kyphosis; however, it provides the highest correlation in case of lumbar lordosis, which can be attributed to the fact that TLM considers the global inflection points and tangent lines of the spine, which cannot be detected clearly by the examiners or the recording process of the shape of the spine column is not appropriate enough.
Besides the comparison with radiographic analysis, further statistical evaluation has been conducted by the comparison of the angles provided by the alternative methods (Table  4 columns #5 to #7). It can be observed that the correlations between the alternative methods are very high. In terms of thoracic kyphosis they are obtained to 0.93, 0.88 and 0.95 between the angles provided by WS and TLM, TLM and TRAD, and WS and TRAD, respectively. In terms of lumbar lordosis they are obtained to 0.92, 0.90 and 0.91, respectively.
Additional comparison has also been made between the results of WS and TLM by applying the tangent line method on the vertebrae estimated by WS (red curve in Fig. 7a and column #8 in Table 4 ). The results obviously showed higher correlations with 0.98 and 0.94 (in the previous paragraph: 0.93 and 0.92) regarding thoracic kyphosis and lumbar lordosis, respectively. Furthermore, it is clearly observed from the the radiographic analysis results. Therefore it may be more relevant to apply the tangent line method (TLM) directly on the measured data. Fig. 8 and Table 5 show the comparison of the results of the internal shape based Cobb method (Examiner 1) and of other external shape based methods in the coronal plane. The blue, red and green dots in Fig. 8 represent the angle values with respect to WS, TLM and TRAD, respectively, and the red continuous line demonstrates equality between the results. It can be seen that the correlations are obtained to 0.63, 0.73 and 0.50 with respect to WS, TLM and TRAD in standing position, respectively. The average differences with standard deviations are obtained to 8.27 ± 6.59, 6.94 ± 5.90 and 8.68 ± 6.67 degrees. Furthermore, the calculated angles related to the external shape of the spine (WS, TLM, TRAD) are compared. The comparison is conducted not just in standing position (columns #5 to #7) but also in standing position with the arms raised (columns #8 to #10). The correlations obtained are 0.68, 0.54 and 0.79 for standing and 0.82, 0.43 and 0.55 for standing with the arms raised.
Evaluation of results in the coronal plane
An additional comparison has also been conducted between WS and TLM results by applying the tangent line method on the vertebrae estimated by WS (red curve in Fig. 7b and columns #11 to #12 in Table 5 ). The results obviously showed higher correlations with 0.82 and 0.92 regarding standing and standing with the arms raised, respectively.
Discussion
Based on a comparison of the results of different calculation methods considering the characterization of curvatures of the spine, namely thoracic kyphosis, lumbar lordosis and scoliosis, the main aim of the current paper is to validate the newly developed tangent line method. The shape of the spine of 22 young patients with scoliotic deformities was recorded by X-rays and by the ultrasound-based spine examination using the Pointer Mobility system of Zebris. Radiographic analysis specifies the accurate location of the vertebrae (internal curve), and ultrasound-based spine examination records the external shape of the spine column on the back surface. Radiographic images are evaluated by two orthopedists independently from each other using the Cobb method, while the measuring data determined by ultrasound-based spine examination are processed by three different calculation procedures, namely with the WinSpine software, with the tangent line method and with the traditional method. Table 2 shows the overall statistics of the results yielded by each method. It can be observed that in comparison with the radiographic analysis based Cobb method, in case of thoracic kyphosis and lumbar lordosis the WinSpine provides nearly the same results on average, the tangent line method provides greater values, and the traditional method provides smaller values on average. Furthermore, in case of scoliosis the WinSpine and the traditional methods yield smaller values and the TLM provides higher values than the Cobb method. The measurements with ultrasound-based spine examination are performed during standing with lowered arms and with raised arms. This provides an opportunity to compare the results related to the positions of standing and standing with the arms raised, respectively. It is found that by raising the arms the thoracic curvature decreases for the benefit of lumbar curvature. However, the results show that the scoliotic deformity is not influenced significantly by raising the arms as a rule ( Table 2 ). The results of the Cobb method are compared in this article. It has been concluded that there can be significant differences (p<<0.05) between the Cobb angles diagnosed by different examiners. According to the results, the difference can be as many as 20 degrees at a maximum and as many as 7 degrees on average in case of thoracic kyphosis, as shown in Table 3 . In lumbar lordosis and scoliosis the differences are more consolidated but not comforting, although the correlations are obtained between 0.88 and 0.96, which may be judged to be acceptable. For further investigation, the results of Examiner 1 are used as reference. Table 4 shows the statistics of the differences of the angles determined by different methods with reference to thoracic kyphosis and lumbar lordosis. The results show that the WinSpine-based method estimates mostly the same angles as those yielded by radiographic analysis, since the slopes of the regression lines are obtained to 0.91 (row #8 -thoracic kyphosis) and 0.97 (row #17 -lumbar lordosis) with the least average differences (7.15 and 4.28), as also shown by the blue dots in Fig. 5  and 6 . However, the tangent line method provides higher correlation with radiographic analysis in terms of lumbar lordosis (red dots in Fig. 6 ), where the correlation coefficient is obtained to 0.85. Furthermore, it should be mentioned that the traditional method provides the poorest results out of the three alternative calculation methods in comparison with radiographic analysis.
The results confirm the results of Mansour et al. [4] that theoretically, correlation between the external and internal curvatures must be high. According to Mansour's results for the lumbar spine in the sagittal plane it could be 0.94 (R 2 = 0.88 [4] ), while our results show 0.85 (column #3 row #16 in Table 4 ). However, Mansour et al. [4] obtained information for the external and internal curvatures of the lumbar spine from one MRI measurement for each patient and they performed the analysis on a much smaller sample than the group of subjects in the current paper.
In addition, the comparison of the three alternative methods confirmed the results of the authors in [18] since the correlations between the tangent line method and the traditional method are obtained between 0.88 and 0.90. In [18] it was obtained between 0.86 and 0.90. However, smaller correlations are obtained between the WinSpine-based method and radiographic analysis with values of 0.77 and 0.82 than in the observation of Takács et al. [10] with 0.80 and 0.94.
In terms of scoliosis, the statistics is included in Table 5 . By comparing the results of alternative calculation methods with the Cobb method results (columns #2 to #4) -related to standing position -it can be stated that the tangent line method provides the best correlation (0.73) with the minimum average difference (6.94 ± 5.90). However, slightly smaller correlations are obtained between the WinSpine-based method and radiographic analysis with a value of 0.63 than in the observation of Takács et al. [10] with 0.67 and 0.73. Furthermore, the results of alternative calculation methods are also compared with each other regarding standing position (found in columns #5 to #7) and standing position with the arms raised (found in columns #8 to #10). It is shown that the correlation between WinSpine's and TLM's results are 0.68 and 0.82, which may be attributed to the observation that WinSpine underestimates the real angles characterizing the spinal curvatures by turns.
In addition, investigation has been performed by applying the tangent line method on the measured data and on the estimated coordinates of the vertebra's processus spinousus using WinSpine. The results show that by using the measured data the highest correlations can be achieved with radiographic analysis (0.73 in Table 5 ), which means that the tangent line method may be generally used for the processing of the outputs of digital radiographic images and the output data of different external shape capturing systems.
Based on comprehensive statistical analysis and evaluation between different calculation methods for thoracic kyphosis, lumbar lordosis and scoliosis, the newly developed computer-aided tangent line method is validated since all the three alternative methods have high correlations with each other and the tangent line method correlates mostly with the results of radiographic analysis, with correlation coefficients of 0.72, 0.85 and 0.73, respectively (3 rd columns of Table 4 and 5). However, the results of WinSpine and the traditional method provide correlations with the radiographic analysis in between 0.63 -0.82 and 0.50 -0.77, respectively. Furthermore, it was also observed -in both planes -that the tangent line method always provides higher values for the characterizing angles and WinSpine underestimates the angles characterizing the external scoliotic deformity. Moreover, it should be emphasized that by applying the tangent line method on the estimated coordinates of the vertebra's processus spinousus by WinSpine, smaller correlations are provided by comparing these TLM results with the radiographic analysis results. Therefore the validation of the tangent line method is performed and its direct application on the measured data could be more relevant.
Limitation of the study:
The examinations were performed only in young patients with scoliotic deformities. Besides, more patients of different ages and with different deformities should be involved. In the future X-ray images should be recorded by digital techniques.
Conclusions
In present article a recently developed tangent-line method is introduced and validated by comparing it to different methods (Cobb method, WinSpine method and traditional method) for the characterization of the internal and external spinal curvatures. The newly developed calculation method is based on the real tangent lines through the inflection points of the measured data. It has been seen and understood that the newly validated method does consider the shape of the spine and the location of the inflection points, which makes the calculation process more precise and reliable. Furthermore, the tangent line method developed provides results directly after the measurement process and the effect of human errors can be reduced. Moreover, the new method is based on the shape of the spine, therefore it provides more insight into the curvature of the patient's spine. Based on our measurement results, it can be concluded that the spline curve fitting and the characterizing angles at the intersection of the tangential regression lines fitted to the inflection points of the spline curve together can be a useful method for the screening of spinal diseases and for the examination of spinal rehabilitation processes.
Finally, the tangent line method may be generally used for processing the outputs of digital radiographic images and the output data of different external shape capturing systems (such as Zebris, SpinalTouch and SpinalMouse). In addition, the method handles 3D data, thus vistas for further development may open up for spatial processing.
